INTRODUCTION
Hunger and malnutrition still prevail in some regions of the world because of the imbalance between crop production and ever-increasing human demand. To fulfill the increasing world demand for food, crop production and quality have to be improved. About 40% of global cropland is dominated by maize, rice and wheat (Oerke and Dehne, 2004; Skamnioti and Gurr, 2009) . Rice is the most important crop as it supports nearly 60% of global food consumption (Sharma et al., 2012) . However, rice production and security are threatened by diseases caused by various pathogens (Khush, 2005; Sharma et al., 2012) . Host BSR, which refers to resistance against multiple pathogen species or the majority of races of a pathogen species, is important for stable crop production (Wisser et al., 2005) . Using rice pathogen species-non-specific BSR is an efficient and sustainable way to manage disease prevalence.
Plant disease resistance has been explained by a two-tiered innate immune system, which includes a pattern-triggered immunity (PTI) and an effector-triggered immunity (ETI; Jones and Dangl, 2006) . PTI, which is initiated through the recognition of pattern substances (pathogen-associated molecular patterns or damage-associated molecular patterns) by host pattern recognition receptors (PRRs) localized at the plasma membrane, is usually a weak or basal resistance. ETI, which is triggered through the recognition of pathogen effectors by cytoplasmic localized host nucleotide-binding (NB)-leucine-rich repeat (LRR) disease resistance (R) proteins, is a strong race-specific resistance. In general, PTI is a quantitative (incomplete) resistance, in which the latter nomenclature is commonly used by geneticists and breeders, mediated by quantitative trait loci (QTLs), and ETI is race-specific qualitative (complete) resistance and can be conferred by a single major disease resistance (MR) gene Zhang and Wang, 2013) . However, strong PTI and weak ETI have also been reported, and some MR genes are PRR genes (Thomma et al., 2011; Zhang and Wang, 2013) . After the first local infection, plants use induced immunity, systemic acquired resistance and induced systemic resistance to protect themselves from pathogen invasion of uninfected tissues (Grant and Lamb, 2006) . The phytohormones salicylic acid (SA), jasmonic acid (JA) and ethylene play roles in systemic defense singling (Shah, 2009) .
Many genes are involved in pathogen-induced host defense responses, and they can be simply divided into two classes . Aside from receptor genes PRRs and Rs as well as some MRs whose functions cannot be explained by either the PTI or ETI model, there are numerous defense-responsive (designated in some papers) or defense-related (designated in other papers) (DR) genes that encode products functioning in defense pathways initiated by PRR, R or MR proteins. A common characteristic of DR genes is that they respond to pathogen infection either transcriptionally or posttranslationally. Most characterized disease resistance QTL genes in rice are DR genes . Furthermore, DR genes either promote defense responses or suppress defense responses to avoid fitness costs to host plants or to balance host response to multiple signals.
Accumulating evidence indicates that rice BSR to two or more pathogen species is not only regulated by multiple host genes but it can also be mediated by a single gene. In this review, we focus on single-gene-mediated BSR to multiple diseases in rice. This type of host resistance is easier for breeders to manipulate compared with multiple-genemediated pathogen species-non-specific BSR. Most genes that regulate BSR to multiple diseases are DR genes in rice. Only the DR genes that promote defense responses are included in this review (Table 1) .
Rice diseases and defense responses
More than 70 diseases caused by fungi, bacteria, viruses and nematodes have been recorded in rice (Ou, 1985) . Thus far, however, single-gene-mediated BSR is only associated with blast, bacterial blight, bacterial streak, sheath blight, rice stripe, bacterial seedling rot, bacterial grain rot and brown spot diseases based on our knowledge. This restriction mainly reflects the fact that rice resistance to other pathogen species has not been well studied. For example, false smut ( Figure 1a ) is caused by Ustilaginoidea virens and occurs in one-third of the rice cultivation areas in China, but no rice gene acting against U. virens has been characterized so far Andargie and Li, 2016) . In this review, we focus on the eight diseases.
Blast is caused by the hemibiotrophic fungus Magnaporthe oryzae and is the most devastating fungal disease of rice worldwide. The annual loss of rice production caused by blast could fulfil the annual rice consumption of 60 million people (Parker et al., 2008) . Magnaporthe oryzae can infect all parts of the rice plant, including the roots (Figure 1b and c; Duan et al., 2014) . A large number of MR genes and resistance QTLs against M. oryzae have been identified (Kou and Wang, 2012; Li and Wang, 2013) . Twenty-two of the 24 characterized MR genes against M. oryzae encode NB-LRR-type proteins (Xu et al., 2014; Chen et al., 2015; Ma et al., 2015; Ashkani et al., 2016) .
Bacterial blight (Figure 1d ), which is caused by the biotrophic bacterium Xanthomonas oryzae pv. oryzae (Xoo), is the most serious bacterial disease of rice worldwide. It can cause yield losses up to 70%, and it also affects rice quality (Reddy et al., 1979; Ou, 1985; Goto, 1992) . Xoo infects rice leaves through hydathodes or wounds, and spreads in the plant through the xylem vessels (Kou and Wang, 2013) . Approximately 40 MR genes and several QTLs have been genetically identified Wang, 2012, 2013) . Rice MR-mediated resistance to Xoo differs from the qualitative resistance in most pathosystems, including rice MR-mediated resistance to M. oryzae, because eight of the nine characterized MR genes against Xoo encode proteins that are not the canonical R protein NB-LRR Tian et al., 2014; Hutin et al., 2015; Wang et al., 2015) . Two of the eight belong to the PRR type, and the resistance mechanisms of the other six MR proteins cannot be explained by either PTI or ETI.
Bacterial streak (Figure 1e ) is caused by the biotrophic bacterium X. oryzae pv. oryzicola (Xoc), a close relative of Xoo, and it is also a serious bacterial disease in Asia (Niño- Liu et al., 2006) . This disease has been reported to cause up to 20% yield loss (Ou, 1985) . Xoc infects plants through stomata and wounds, and colonizes the intercellular space of leaf tissue (Li and Wang, 2013) . So far, only Xo1 locus that putatively encodes a receptor has been reported to confer qualitative resistance to Xoc (Triplett et al., 2016) . A number of resistance QTLs against Xoc have been reported (Kou and Wang, 2012) .
Sheath blight (Figure 1f ), which is caused by the necrotrophic fungus Rhizoctonia solani, is considered the second most important rice fungal disease, after blast, worldwide. Rhizoctonia solani mainly infects rice leaf sheath and stems, which can result in up to 25% yield loss (Banniza and Holderness, 2001; Jia et al., 2013) . The breeding of resistant cultivars against R. solani is difficult due to the lack of a MR gene, although some resistance QTLs have been used in rice breeding programs (Jia et al., 2009) .
Rice stripe disease ( Figure 1g ) is a serious disease caused by rice stripe virus, an RNA virus transmitted by small brown plant hoppers. Over 80% of the rice fields in eastern China and Korea are affected by this disease annually . Five major resistance QTLs have been reported, and one of them was characterized recently .
Bacterial seedling rot and bacterial grain rot, which are caused by the necrotrophic bacterium Burkholderia glumae, are increasingly important diseases in global rice production (Ham et al., 2011) . A typical feature of bacterial grain rot is upright panicles due to the failure of grain-filling and seed development. Yield losses caused by bacterial grain rot can be up to 50% (Ham et al., 2011) .
Global warming may make the two diseases a greater threat to rice production in the future, because the optimal temperature for the bacterial growth is relatively high (30-35°C; Tsushima et al., 1986) . No MR gene against B. glumae has been reported, but resistance QTLs have been identified (Mizobuchi et al., 2016) . Brown spot (Figure 1h ) is caused by the necrotrophic fungus Cochliobolus miyabeanus (formerly Helminthosporium oryzae). This fungus infects rice leaves and spikelets at all development stages, which can result in yield losses up to 52% (Barnwal et al., 2013) . Only resistance QTLs against C. miyabeanus have been identified (Mizobuchi et al., 2016) .
MR genes confer pathogen species-non-specific BSR Most characterized plant MR genes confer species-specific or even race-specific resistance to pathogens. However, , in combination with one or two other MR genes against Xoo, has been widely used in rice breeding programs for improving resistance to Xoo (Pradhan et al., 2015) , little is known regarding whether the gene also confers resistance against Xoc before the report by Yuan et al. (2016) . In addition, as a component of a transcription pre-initiation complex, the indispensable transcription factor TFIIA is involved in all polymerase II-dependent transcription in eukaryotes (Li et al., 1999) . However, mutation of the gamma subunit of TFIIA in rice (xa5/TFIIAc5 V39E ) does not affect most agronomic performance including yield traits, except slightly reduced plant height, which may facilitate lodging resistance, another crucial agronomic trait. These features of xa5/TFIIAc5 V39E explain why it is one of the most widely exploited MR genes in rice breeding programs. Although several recessive MR genes against Xoo have been characterized , no other of these MR genes have been reported to be involved in rice resistance to Xoc, except recessive xa5/ TFIIAc5 V39E .
The second MR gene is Xa21, which encodes a PRR-type plasma membrane-localized LRR receptor kinase, confers a strong BSR to Xoo but with race specificity (Song et al., 1995; Wang et al., 1996; Zhao et al., 2009) . Xa21 also mediates a weak resistance to Xoc, which is triggered by the quorum-sensing signal molecule Ax21 secreted by Xoc (Song et al., 1995; Wang et al., 2013) . This MR gene is also widely used in breeding programs in combination with xa5/TFIIAc5 V39E (Pradhan et al., 2015) .
DR genes functioning in strong PTI signaling mediate pathogen species-non-specific BSR
In addition to being a PRR-type protein, XA21 recognizes the tyrosine-sulfated protein RaxX secreted by Xoo to initiate immune response (Pruitt et al., 2015) , suggesting that XA21 confers an unusually strong PTI to Xoo. At least three DR genes functioning in XA21-initiated defense signaling have been reported to regulate pathogen speciesnon-specific BSR (Figure 2 ). Plant somatic embryogenesis receptor kinases (SERKs) are plasma membrane-localized LRR-receptor kinase-like proteins similar to XA21. SERKs have been reported to regulate the functions of multiple plasma membrane-localized receptor kinases (Dardick et al., 2012) . Rice OsSERK2 directly interacts with XA21 and the two proteins reciprocally transphosphorylate each other in vitro. Transcriptionally suppressing OsSERK2 compromises XA21-mediated resistance to Xoo . Constitutive expression of OsSERK2 (referring to OsSERK1 in the original paper) promotes rice resistance to M. oryzae (Hu et al., 2005) . Wall-associated kinases (WAKs) are involved in a variety of plant growth and stress responses (Zhang et al., 2005) . Knockdown of OsWAK25 expression compromises Xa21-mediated resistance to Xoo (Seo et al., 2011) . Constitutive expression of OsWAK25 enhances resistance to Xoo and M. oryzae, but the transgenic plants show increased susceptibility to necrotrophic fungi R. solani and C. miyabeanus (Harkenrider et al., 2016) . RAR1 is a novel eukaryotic zinc-binding protein that is required for diverse MR-mediated race-specific resistance, as reported in barley and Arabidopsis (Halterman and Wise, 2005; Holt et al., 2005) . The rice genome contains a single copy of OsRAR1 . OsRAR1 directly interacts with the XA21 kinase domain. Transcriptionally suppressing OsRAR1 compromises Xa21-mediated resistance to Xoo (Seo et al., 2011) , whereas transcriptionally activating OsRAR1 expression enhances resistance to Xoo and M. oryzae .
Resistance to R. solani
The rice MR gene Xa3/Xa26 also confers resistance to Xoo but with a resistance spectrum different from that of Xa21 (Sun et al., 2004; Xiang et al., 2006; Zhao et al., 2009) . Xa3/Xa26 encodes a similar protein as that of Xa21. The LRR and kinase domains of XA3/XA26 and XA21 are interconvertible in resistance to Xoo (Zhao et al., 2009 ). In addition, transcriptionally suppressing OsSERK2 also compromises XA3/XA26-mediated resistance to Xoo . These results collectively suggest that XA3/ XA26 and XA21 may share at least part of their defense signaling pathways, and thus XA3/XA26 may also mediate a strong PTI.
In addition to OsSERK2, four other DR genes that play roles in Xa3/Xa26-mediated resistance to Xoo also promote resistance to other pathogen species (Figure 3 ). Rice WRKY13, encoding a WRKY-type transcription factor, occurs near a minor resistance QTL (explaining <10% of phenotypic variation) to both Xoo and M. oryzae in a rice mapping population for identification of disease resistance QTLs (Hu et al., 2008) . Both Xoo and M. oryzae infection induce WRKY13 expression (Wen et al., 2003) . Constitutive expression of WRKY13 promotes quantitative resistance to Xoo and M. oryzae, which is associated with activating SA signaling and repressing JA signaling (Qiu et al., 2007 . Partially suppressing the expression of WRKY13 compromises Xa3/Xa26-mediated resistance to Xoo, and WRKY13-supppressing plants also have reduced resistance to M. oryzae Cheng et al., 2015) . These results suggest that WRKY13 contributes to the resistance QTL conferring pathogen species-non-specific BSR, although it is a component required for Xa3/Xa26-mediated resistance to Xoo. Pathogen infection also induces the expression of rice WRKY45-2. Transcriptional activation of WRKY45-2 enhances rice resistance to Xoo, Xoc and M. oryzae, and the resistance to Xoo is associated with activation of JA signaling (Tao et al., 2009) . Partially suppressing the expression of WRKY45-2 compromises Xa3/Xa26-mediated resistance to Xoo, and also compromises rice resistance to Xoc and M. oryzae. Genetic and biochemical analyses suggest that WRKY45-2 directly induces the expression of WRKY13 in rice resistance to both Xoo and M. oryzae. WRKY13, in turn, directly suppresses the expression of WRKY42, and WRKY42 negatively regulates rice resistance to M. oryzae by suppressing the expression of genes related to JA signaling (Tao et al., 2009; Cheng et al., 2015) . However, the WRKY45-2-WRKY13 and WRKY45-2-WRKY13-WRKY42 transcriptional regulatory cascades in rice responses to Xoo and M. oryzae infection, respectively, can be balanced via direct feedback suppression of WRKY45-2 by WRKY13 Cheng et al., 2015;  Figure 3) .
Rice OsDR8 encodes an enzyme-like protein involved in thiamine biosynthesis. The infection of incompatible Xoo or M. oryzae strains induces OsDR8 expression (Wen et al., 2003) . Suppressing OsDR8 compromises both Xa3/Xa26-mediated resistance to Xoo and resistance to M. oryzae associated with a reduced endogenous thiamine level; exogenous application of thiamine complements the compromised defense of OsDR8-suppressing plants . Consistent with this, OsDR8 contributes to a minor resistance QTL against both Xoo and M. oryzae (Hu et al., 2008) .
The rice C3H12 gene, encoding a CCCH-type zinc figure nucleic acid-binding protein, mediates rice quantitative resistance to Xoo in a JA-dependent pathway . Incompatible Xoo infection induces C3H12 expression. Constitutive expression of C3H12 enhances resistance to Xoo, whereas partially suppressing the expression of C3H12 compromises Xa3/X26-mediated resistance to Xoo. Consistent with these results, C3H12 contributes to a minor resistance QTL against Xoo. The resistance and susceptible alleles of C3H12 in the QTL mapping population encode identical proteins, but with differences in the promoter regions, suggesting that the resistance allele may result from an expression different from that of the susceptible allele during rice-Xoo interaction . Further study shows that constitutive expression of C3H12 also enhances rice resistance to Xoc (Figure 4) . The relationships between OsDR8 and C3H12 and between OsDR8 or C3H12 and WRKY45-2 or WRKY13 in XA3/XA26-initiated defense pathway against Xoo are not clear. Because WRKY13 does not mediate resistance to Xoc and WRKY45-2 and C3H12 do, C3H12 may function downstream of WRKY45-2 in a different sub-pathway than that of WRKY13 in XA3/XA26-initiated defense signaling (Figure 3) .
These results collectively indicate that multiple components of the XA21-and XA3/XA26-dependent pathways can mediate pathogen species-non-specific BSR, although it is at the quantitative resistance level. If some components function in different sub-pathways of XA21-and XA3/XA26-initiated signaling, it is expected that activation of XA21 or XA3/XA26 may result in a strong resistance to other pathogen species in addition to Xoo.
DR genes functioning in ETI signaling mediate pathogen species-non-specific BSR Rice rbr2 was first identified as a major resistance QTL that explained 44% of phenotypic variation against M. oryzae (Chen et al., 2003) . Further study suggests that rbr2 is likely an allele of MR gene Pib against M. oryzae (Yang et al., 2008) . Thus, rbr2 may encode an NB-LRR type protein, which mediates ETI based on the current innate immunity model (Jones and Dangl, 2006) . Interestingly, WRKY13, WRKY45-2 and OsDR8 functioning in Xa3/Xa26-mediated resistance to Xoo is also required for rbr2-mdiated resistance to M. oryzae (Figure 3 ; Qiu et al., 2007; Tao et al., 2009) . Rice WRKY42 is a negative regulator of rbr2-initiated defense pathway and it is not involved in rice-Xoo interaction (Cheng et al., 2015) . WRKY45-2-WRKY13-WRKY42 signaling contributes to rbr2-mdiated resistance to M. oryzae.
Thus, the rbr2-dependent defense pathway against M. oryzae may overlap with the XA3/XA26-dependent defense pathway against M. oryzae at multiple points of common DR genes (Figure 3 ).
Resistance QTL genes mediate pathogen species-nonspecific BSR Quantitative resistance can be a weak PTI or a weak ETI. A number of rice genes contributing to resistance QTLs have been characterized (Hu et al., 2008; Manosalva et al., 2009; Deng et al., 2012) , although it is unknown whether most of these QTL genes function in PTI or ETI. However, some of these genes that belong to the DR category have been proven to confer BSR against two or more pathogen species.
The cell wall is the first barrier protecting plants from pathogen invasion. Indole-3-acetic acid (IAA), the major form of auxin in most plants, can promote disease symptoms in many pathosystems (Fu and Wang, 2011) . Xoo, Xoc and M. oryzae invasion induce rice synthesis of IAA and these pathogens also secrete their own IAA (Ding et al., 2008; Fu et al., 2011a) . IAA induces the expression of host expansin genes, which encode proteins that loosen the cell wall, resulting in pathogen colonization. Plant GH3 gene is first named for its expression induced by auxin (Guilfoyle, 1999) , although it is known now that not all GH3 genes are transcriptional responses to auxin. Rice GH3 family members can be classified into two groups. The group II members appear to catalyze the formation of IAA-amino acid, the inactive form of IAA, and at least four (GH3-1, GH3-2, GH3-8 and GH3-13) of the nine members in group II have been confirmed to have IAA-amido synthetase activity (Fu et al., 2011b) . Constitutively expressing GH3-2 or GH3-8 enhances rice resistance to Xoo, Xoc and M. oryzae by promoting the conversion of IAA to IAA-aspartic acid independent of SA and JA (Ding et al., 2008; Fu et al., 2011a) . Consistent with these results, the allele of GH3-2 contributing to a minor resistance QTL against both Xoo and M. oryzae had a significantly higher (P < 0.01) expression level than the susceptible allele both before and after pathogen infection in the QTL mapping population (Fu et al., 2011a) . GH3-8 also contributes to a minor resistance QTL against Xoo and is mapped to the same QTL against M. oryzae (Wen et al., 2003; Hu et al., 2008) . The expression of GH3-1 can also be induced by the infection of Xoo and M. oryzae . Constitutive expression of GH3-1 reduces IAA content and enhances rice resistance to M. oryzae (Domingo et al., 2009) . GH3-1 colocalizes with a minor resistance QTL against both M. oryzae and Xoo . Based on the biochemical function of its encoding product and its genetic relationship with a resistance QTL, like GH3-2 and GH3-8, CH3-1 is also likely to mediate BSR to multiple pathogen species. Cell wall density is related to basal resistance. It is expected that GH3s, which catalyze
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Wild type IAA-amino acid formation, may mediate quantitative resistance to all the pathogens that promote IAA-induced cell wall loosening. Germin-like proteins (GLP), which are also referred to as oxalate oxidase-like proteins, may be involved in producing hydrogen peroxide, which is a component of the hypersensitive response (Manosalva et al., 2009) . Multiple tandemly arranged GLP gene family members contribute to a rice resistance QTL against M. oryzae; this locus functioned as a major resistance QTL in one mapping population but a minor resistance QTL in another mapping population (Manosalva et al., 2009; . The resistance alleles of GLP genes at this locus have markedly higher expression levels than those of susceptible alleles . Partially suppressing the expression of multiple GLP genes at the QTL locus increased rice susceptibility to M. oryzae. One of the rice GLPs, OsGLP2-1, is significantly induced by M. oryzae and JA. Overexpression of OsGLP2-1 quantitatively enhances resistance to M. oryzae and Xoo associated with accumulation of hydrogen peroxide and JA . This chromosomal region harboring multiple GLP genes also has a resistance QTL to R. solani, suggesting that GLP genes at this QTL locus collectively contribute to pathogen species-non-specific BSR (Manosalva et al., 2009) .
Rice OsMPK6 encodes a mitogen-activated protein kinase (MAPK) and it is involved in the regulation of pathogen-induced defense responses (Yuan et al., 2007a; Shen et al., 2010) . Xoo infection induces OsMPK6 gene expression and also activates OsMPK6 kinase activity (Shen et al., 2010) . Unlike other characterized plant MAPKs, which either promote host disease resistance or inhibit host resistance, OsMPK6 is both an activator and a repressor of rice resistance to Xoo. OsMPK6 colocalizes with a minor resistance QTL against M. oryzae. Constitutive expression of OsMPK6, which is associated with activated OsMPK6 kinase activity, enhances rice local resistance to Xoo, Xoc and M. oryzae, whereas partially suppressing the expression of OsMPK6 enhances rice systemic acquired resistance to Xoo and Xoc (Hu et al., 2008; Shen et al., 2010) . Thus, OsMPK6 is a binary regulator in rice disease resistance.
Phenylalanine ammonia-lyase (PAL) is a key enzyme in the phenylpropanoid pathway of higher plants, and phenylpropanoid contributes to disease resistance. Four rice OsPAL genes (OsPAL1 to OsPAL4) co-localize with a major resistance QTL against R. solani and Xoo (Tonnessen et al., 2015) . The ospal4 heterozygote mutant has increased susceptibility to M. oryzae, R. solani and Xoo (Tonnessen et al., 2015) .
In general, quantitative resistance is pathogen speciesnon-specific or race-non-specific, and the BSR is regulated by multiple genes. The information presented here suggests that many rice resistance QTL genes can mediate pathogen species-non-specific BSR independently. This knowledge highlights host quantitative resistance as a productive resource for rice improvement.
DR genes mediate quantitative BSR to multiple pathogen species Several DR genes also mediate pathogen species-non-specific BSR, but it is unknown whether they also contribute to QTLs in quantitative resistance. Arabidopsis NPR1 (nonexpressor of pathogenesis-related genes 1), a transcriptional regulator, is the key player in systemic acquired resistance against diverse pathogens (Pajerowska-Mukhtar et al., 2013) . Rice OsNH1 is the ortholog of NPR1 and it complements the phenotype of the npr1 mutant, suggesting that OsNH1 has a similar function as that of NPR1 (Yuan et al., 2007b) . Overexpressing OsNH1 leads to activation of constitutive resistance to Xoo and M. oryzae (Chern et al., 2005; Yuan et al., 2007b) .
Rice OsLYP4 and OsLYP6 are lysin motif-containing plasma membrane proteins and sense pathogen-associated molecule patterns, bacterial peptidoglycan and fungal chitin, to initiate PRR-type defense responses . Transcriptionally suppressing OsLYP4 or OsLYP6 increases susceptibility to Xoo, Xoc and M. oryzae. Overexpressing OsLYP4 or OsLYP6 in rice enhances quantitative resistance to the three pathogen species .
Rice WRKY30 expression is rapidly induced by SA and JA treatment. Constitutive expression of WRKY30 enhances rice resistance to M. oryzae and R. solani, which is associated with activating JA-dependent signaling (Peng et al., 2012) .
Rice OsPAD4, encoding a lipase-like protein, is the ortholog of Arabidopsis phytoalexin deficient 4 (AtPAD4) that is involved in TIR (Toll-interleukin-1 receptor)-NB-LRR-type MR protein-mediate disease resistance (Glazebrook et al., 1997) . OsPAD4 is not required for XA3/XA26-mediated resistance to Xoo (Ke et al., 2014) . Partial suppression of OsPAD4 increases rice susceptibility to both Xoo and Xoc, which is associated with reduced accumulation of JA and phytoalexin. Exogenous application of JA complemented the compromised defense of OsPAD4-suppressed plants, suggesting that this gene promotes pathogen species-nonspecific BSR in a JA-dependent pathway (Ke et al., 2014) .
Rice OsBSR1 (BROAD-SPECTRUM RESISTANCE 1) encodes a BIK1-like receptor-like cytoplasmic protein kinase. Constitutive expression of OsBSR1 enhances rice resistance to five different types of pathogens: the hemibiotrophic fungus M. oryzae; biotrophic bacterium Xoo; necrotrophic bacterium B. glumae; necrotrophic fungus C. miyabeanus; and rice stripe virus (Dubouzet et al., 2011; Maeda et al., 2016) . Thus, OsBSR1 is the rice DR gene identified so far to confer the broadest spectrum of disease resistance. Primary carbon metabolism is crucial for an effective defense to biotic stressors (Proels and H€ uckelhoven, 2014) . Several studies reported sucrose non-fermenting 1-related kinase 1 (SnRK1) as a key component in plant response to pathogens (Hulsmans et al., 2016) . Rice SnRK1 consists of three subunits, OSK1, OSK24 and OSK35 (Hulsmans et al., 2016) . The OSK35-D activation mutant shows enhanced resistance to M. oryzae and Xoo. Conversely, the osk35 null mutant increases susceptibility to these pathogens. Thus, OSK35 is a positive regulator in rice BSR to M. oryzae and Xoo (Kim et al., 2015) .
Conclusions and perspectives
Accumulating data suggest that using a single host gene for improving rice resistance to two or more pathogen species is technically possible and the necessary resources are available. The genes with this characteristic include recessive MR gene xa5/TFIIAc5 V39E and dominant MR gene Xa21, both of which confer qualitative resistance to Xoo and quantitative resistance to Xoc, and DR genes that function in MR-initiated strong PTI or ETI pathways or in quantitative resistance. These DR genes encode diverse proteins, which provide a wide range of choices for rice breeding. In addition, based on their biochemical functions or predicted functions in disease resistance, most DR genes or their encoding proteins may not interact with pathogen factors or rapidly evolving effectors that play essential roles in pathogenicity, so these DR genes are predicted to confer durable resistance . Based on this information, a single gene may be used for improving rice BSR to multiple pathogen species via three approaches. The first strategy is using gene marker-assisted selection by crossing and backcrossing to transfer the target gene and maintain the genetic background of the cultivar with superior agronomic traits. xa5/TFIIAc5 V39E can be used in this way. Based on an analysis of the sequences of 1419 rice accessions (Yuan et al., 2016) , this recessive gene occurs mainly in rice accessions from South Asia and Southeast Asia. Thirty-three accessions harbor xa5/ TFIIAc5 V39E , which provide ample choices for selection by breeders. Xa21 can also be used in this way. In addition, some DR genes that mediate pathogen species-non-specific BSR and contribute to major resistance QTLs also may be used by this way. Because DR-mediated resistance frequently requires a higher level of DR gene expression, identification of alleles with markedly high expression levels is a prerequisite. Rice is rich in germplasm resources (Zhang, 2007) , which makes this requirement feasible. The second strategy is directly transforming a DR gene into genetic background of elite cultivars. A higher transcript level of these genes is required to achieve resistance. Because constitutive expression of some DR genes can result in fitness costs and some DR genes are negatively involved in other physiological activities (Ding et al., 2008; Qiu et al., 2008; Tao et al., 2011) , it is best to drive the DR genes used for transformation by a strong promoter induced by multiple pathogen species. This approach is expected to generate quantitative BSR to multiple pathogen species.
The last strategy is using Xa3/Xa26 or Xa21 for pathogen species-non-specific BSR. PTI is initiated through recognition of pathogen-associated molecular patterns or damage-associated molecular patterns by a PRR at the cell surface (Jones and Dangl, 2006) . Both Xa3/Xa26 and Xa21 have a dosage effect: the higher their expression, the more resistant the rice plants Zhao et al., 2009; Park et al., 2010) . Increasing expression of Xa3/Xa26 can also enlarge the resistance spectrum to Xoo. These results suggest that transcriptionally activating these PRR-type genes may also initiate PTI. Thus, transforming Xa3/Xa26 or Xa21 driven by multiple pathogen-induced strong promoters may activate the MR-dependent DR genes to produce pathogen species-non-specific BSR. If some of the DR genes function in different sub-pathways of Xa3/Xa26-or Xa21-initiated defense responses, the accumulation of multiple quantitative resistances may achieve a higher level of BSR to multiple pathogen species.
